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Abstract Influences of hydraulic retention time
(HRT) on dechlorination of tetrachloroethene (PCE)
were investigated in an upflow anaerobic sludge
blanket (UASB) reactor inoculated with anaerobic
granular sludge non-pre-exposed to chlorinated com-
pounds. PCE was introduced into the reactor at a
loading rate of 3 mg/l d. PCE removal increased from
51 ± 5% to 87 ± 3% when HRT increased from 1 to
4 d, corresponding to an increase in the PCE biotrans-
formation rate from 10.5 ± 2.3 to 21.3 ± 3.7 lmol/d.
A higher ethene production rate, 0.9 ± 0.2 lmol/d,
was attained without accumulation of dichloroethenes
at the HRT of 4 d. Dehalococcoides-like species were
detected in sludge granules by fluorescence in situ
hybridization, with signal strength in proportion to the
extent of PCE dechlorination.
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Introduction
Chlorinated ethenes are among the most common
contaminants observed worldwide in the groundwater
environment. Due to their widespread use as degreasing
and cleaning solvents for industries, tetrachloroethene
(PCE) and trichloroethene (TCE) appear in groundwater
with the greatest frequency and highest concentration.
PCE cannot be converted under aerobic conditions
because of its high electron negative character. In
contrast, PCE has been demonstrated to degrade anaer-
obically via reductive dechlorination to the less
chlorinated ethenes TCE, dichloroethenes (DCEs), vinyl
chloride (VC) and ethene (Zhang and Bennett 2005).
However, in the majority of anaerobic treatment
processes reductive dechlorination often ends at DCEs
or VC as the result of incomplete reduction (Ho¨rber et al.
1999; Middeldorp et al. 1999). Of the chlorinated
ethenes, VC is the only known carcinogen, and is
generally considered as the largest threat to human health
and the environment. Obviously, a treatment process that
is capable of completely dechlorinating PCE to ethene is
required for groundwater bioremediation.
De Bruin et al. (1992) have demonstrated that PCE
can be completely transformed to non-chlorinated
compounds by anaerobic microorganisms. A number
of bacteria capable of reductive dechlorination of
PCE have been identified (Zhang and Bennett 2005).
Of these, Dehalococcoides ethenogenes is the only
known organism capable of complete dechlorination
of PCE to ethene (Maymo´-Gatell et al. 1997; Fennell
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et al. 2004). Such information is critical so that in
continuous-flow reactors, complete PCE dechlorina-
tion can be achieved and the dechlorination rate can
be maximized by maintaining optimal conditions
such as hydraulic retention time (HRT).
Anaerobic treatment using upflow anaerobic sludge
blanket (UASB) (Lettinga et al. 1980) reactors has
been proven to be applicable for many wastewaters
containing recalcitrant compounds (Lettinga 1996).
The success of the UASB reactor can be attributed to
its excellent biomass retention in reactor systems,
attained by mutual attachment of bacteria, resulting in
the formation of granular sludge (Hwu et al. 1997).
Although many studies have been conducted on UASB
technology, the treatment of groundwater contami-
nated with PCE has seldom been addressed. Therefore,
the feasibility of removing PCE in a UASB reactor
should be explored. This work utilizes the unique
merits of UASB processes for continuous PCE dechlo-
rination. The influences of HRT on the performance of
complete PCE dechlorination have been investigated.
Furthermore, fluorescence in situ hybridization
(FISH) with a 16S rRNA-targeted oligonucleotide
probe has been employed to detect and quantify
Dehalococcoides species in granular sludge transform-
ing PCE to ethene.
Materials and methods
Biomass and upflow anaerobic sludge blanket
(UASB) reactor
Figure 1 presents the UASB reactor setup. A glass
UASB reactor of 2 l was inoculated with 700 ml
anaerobic granular sludge. The granular sludge
(diameter 0.5–1.0 mm) was originally taken from a
full-scale UASB reactor (1,000 m3) for treating food-
processing wastewater (Tainan, Taiwan). The sludge
granules were elutriated and stored at 4C before use.
Lactate and sucrose (2:1 on a COD basis) were
supplied as primary substrates at a loading rate of
3,125 mg COD/l d. PCE was continuously injected
into the reactor by a syringe pump at a loading rate of
ca. 3 mg PCE/l d. Viton tubing and Teflon tubes were
adopted to avoid biotic losses of chloroethenes. The
reactor was operated in the dark at room temperature
at an upflow velocity of 3 m/h. All the above-
mentioned operational conditions were maintained
constantly, except for HRT. The PCE dechlorination
of the reactor was tested and compared under two
HRT values, 1d and 4d.
Samples taken from influent, liquid effluent and gas
in headspace of the reactor, respectively, were
Fig. 1 Schematic
configuration of UASB
reactor. Three sampling
ports are indicated with
‘‘.’’ symbols
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analyzed for compositions and concentrations of all
chloroethenes from PCE to VC and ethene, as
illustrated in Fig. 1. Biogas production was measured
by a wet gas flowmeter. In-reactor, ORP and pH were
also monitored with built-in electrodes connected to
ORP controller and pH meter. PCE and TCE were
determined by GC/ECD. DCEs, VC, ethene and
methane were determined by GC/FID. The analytical
procedures of gas chromatography have been previ-
ously described by Hwu and Lu (2006). All data shown
in this paper are (mean value) ± (standard deviation).
FISH techniques
Detection and quantification of Dehalococcoides-like
species within the original and the PCE-dechlorinat-
ing anaerobic sludge granules were conducted using
the 50 Cy3-labelled oligonucleotide probe Dhe1259t
(MWG-Biotech, Ebersberg, Germany). This probe is
specific to the 16S rRNA gene sequence (50–30,
AGCTCCAGTTCACACTGTTG) of Dehalococco-
ides ethenogenes. Cell fixation and whole-cell
hybridization were performed using the methods of
Hung et al. (2007). Slides were examined with a Carl
Zeiss LSM510 microscope at 488/543 nm (Oberko-
chen, Germany) for Cy3-conferred fluorescence.
Results and discussion
Reactor performance
Throughout the study, the in-reactor ORP and pH
were maintained below -450 mV (Eh) and within
the range 7.1–7.4, respectively, indicating fine oper-
ating conditions during nearly 40 d of PCE
dechlorination. The average methane production rates
were 1.54 and 1.44 l/d, respectively, at the HRT of 1
and 4 d. The significant production of methane (and
other non-determined biogas) created a stripping
effect on the overall removal of chloroethenes, as
indicated by the measurements of samples taken from
the reactor headspace (subscripted with ‘‘gas’’ in
Table 1). Previous studies have not addressed or
determined the stripping effect (Prakash and Gupta
2000; Sponza 2003), and therefore would have
overestimated the treatment efficiency.
Figure 2 shows the PCE concentrations measured for
samples taken from the liquid influent and effluent and
the reactor headspace. With respect to PCE dechlori-
nation, raising HRT from 1 d to 4 d increased the total
removal rate from 51 ± 5% to 87 ± 3%. As subtracted
the contribution of stripping, the biological conver-
sion ratio was 38 ± 7% and 76 ± 4% in that order,
corresponding to the PCE biotransformation rate of
10.52 ± 2.27 and 21.26 ± 3.73 lmol/d, respectively.
Table 1 lists the measurements of the intermediates
and the end product (ethene) of PCE dechlorination
existing in the liquid effluent and gas in the headspace
of the UASB reactor operated at the HRT of 1 and 4 d.
HRT significantly affected PCE dechlorination (Hwu
et al. 1997). The longer HRT significantly led to the
Table 1 Amounts of chlorinated ethenes and ethene in the
liquid effluent and headspace gas
HRT
1 d 4 d
PCEeff 13199 ± 1344 3758 ± 1117
PCEgas 3660 ± 1202 2903 ± 747
TCEeff 3331 ± 985 1905 ± 234
TCEgas 671 ± 208 1486 ± 283
VCeff ND# ND#
VCgas 26 ± 26 53 ± 63
etheneeff ND# 139 ± 29
ethenegas 240 ± 153 779 ± 169
Influent PCE was 36,500 (HRT = 1 d) and 37,200 (HRT =
4 d). The recovery ratiosa were 82% and 39% for HRT = 1 d
and HRT = 4 d, respectively. All units are in nmol/d
a Recovery ratio = [(chlorinated ethenes in the liquid effluent
and headspace gas)/influent PCE)] 9 100%
ND#: Not detectable
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Fig. 2 Distributions of PCE in the liquid influent (inf.) and
effluent (eff.) and the reactor headspace (gas) at (I) HRT = 1 d
and (II) HRT = 4 d
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lower amount of PCE in the effluent. The major
metabolic products of PCE dechlorination in the
reactor were TCE and ethene. However, the largely
reduced PCE (over 23,000–33,000 nmol/d in total)
was not accumulated as TCE, but was further
completely transformed to the end product, ethene.
A very high ethene production rate of
918 ± 198 nmol/d was obtained at the HRT of 4 d.
Unlike previous studies (Gerritse et al. 1995; Ho¨rber
et al. 1999; Middeldorp et al. 1999), this study did not
detect DCEs in all samples. Hence, the presence of a
single or very few species within a consortium may
largely determine the extent of PCE dechlorination.
FISH analysis
This study obtained an ethene formation rate of up to
0.92 ± 0.20 lmol/d in the UASB reactor operated at
the HRT of 4 d. This rate is higher than those
obtained in previous studies (Prakash and Gupta
2000; Sponza 2003). Molecular biological analysis
using an oligonucleotide probe revealed that
Dehalococcoides-like species were present in the
granular sludges both before and after PCE exposure.
For instance, Fig. 3 displays the FISH micrograph of
a sludge granule taken form the UASB reactor
operating at an HRT of 4 d. The Dehalococcoides-
like species were irregular small cocci, \1 lm in
diameter, according to Fig. 3. This result is
supported by Yang and Zeyer (2003). The presence
of Dehalococcoides-like bacteria explains the com-
plete dechlorination of PCE to ethene in the UASB
reactor. Additionally, the strength of fluorescence
signals reflected the dominance of Dehalococcoides-
like bacteria over time (data not shown). The better
dechlorination obtained at the longer HRT might be
attributed to the increased contact between chloro-
ethenes and the microorganisms.
Conclusions
This work describes continuous and complete dechlo-
rination of PCE in a UASB reactor. HRT was found
to be an important operational parameter affecting (i)
the PCE removal rate, (ii) the production rates of
metabolic intermediates and ethene and (iii) the
prevalence of those Dehalococcoides-like species
responsible for complete dechlorination. Few studies
on the dechlorination of chlorinated aliphatic com-
pounds have been performed in UASB reactors with
ethene formation. Nonetheless, the UASB reactor
system may serve as a potential ex situ or on-site
treatment process for PCE-contaminated groundwa-
ter, provided that appropriate microorganisms and
sufficient primary substrates and nutrients are pres-
ent. To monitor the treatment progress, FISH may be
adopted as a reliable and sensitive detection
technique.
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